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Final Summary for the MURI on ‘ Realization and Integration of Large Lattice Mismatched
Materials for Device Innovation: A Comprehensive Approach to the Underlying Science and
Practical Application’

This MURI program looked to innovative means to integrate large | attice mismatched materials
through changes in the epitaxial growth process and the recent advances in materials bonding.
These complimentary approaches were used to create new materials and materials structures
which could not be previously achieved. The program also benefitted from an additional finding
increment to pursue the use of nanopatterning as a template for defect reduction.

Supplementary Funding and extended impact: There was an additional funding increment in year
three directed at the acceleration of the research addressing issues related to the nanopatterning
and use in forming devices, specifically GaSb growth on thin buffer layers, ternary GaAsSb.«
thin buffer layers, and ternary In,GaySb thin buffer layers. We developed and published on this
topics providing the information to the technical transfer partners. The Army Research (Patrick
Folkes and Michael Gerhold) and Naval Research Laboratories were specifically interested in
these subjects. In some cases, this work has also lead to separately funded spin-off projects of
specific interest to ARL personnel but not within the initial scope of the proposed work. We have
directly interacted with the scientists at these laboratories. An additional thrust was the use of
nanoscal e patterning to the area of infrared detectors. Several face-to-face discussions with
DARPA (N. Dhar) were held providing the results and direction for the application of these
techniques to substrates used in the formation of HgCdTe detectors. We initiated and published
on the use of these nanopatterned for the formation of CdTe-based substrates.

The following is asummary of the key accomplishments olf A0 A
for program. 3 P PL Y
A. Defect reduction and alter native materials: P :'. s .
Nanopatter ning as a meansto affect defect SOOI oo .t
reduction ' o d

L . M
o l. P s a®

This MURI program developed the use of block 0 S SINIESON N24020
co-polymer patterning and selective area growth as a [Figurel: The BCL processalows
means to dramatically reduce the threading dislocation |for the formation of 20 nm PMMA
density during large lattice mismatch growth. The |cylinder in amatrix of polystyrene.
integration of strain-relaxed, lattice-mismatched materials | This cylinder pattern can be
through direct epitaxial growth is impeded by the [transferred to an underlying
generation of a high density of mismatch dislocations |dielectric mask and used in
needed to accommodate the difference in lattice |growth.

parameters of these materials. Selective area epitaxy has
often been employed for defect reduction in lattice-mismatched systems. In the cases of InAs and
GaSb growth on GaAs substrates, which has a ~7% lattice mismatch, latera epitaxial
overgrowth (LEO) on micron-scale patterns has resulted in modest reductions in the threading
dislocation densities. These LEO-based epitaxial growth techniques, however, have not led to a



large decrease in the threading dislocation density. The micron-scale patterning used in past
studies was not effective in altering the primary mechanisms of defect introduction and
propagation. Typically, the reduction in the defect density was on the order of the ratio of the
non-masked to total surface area, suggesting that the defect generation process is the same in the
mask openings as it is on the mask-free substrates. Nanoscale patterning followed by selective
growth was developed and demonstrated here to constrain the size of the growing materia to
within nanometer-sized mask openings. The relaxation of the epitaxial materials with such
nanoscopic dimensions has the potentia to provide alternative relaxation pathways which are not
accessible on planar or larger area growth. Nanoscale selective area growth allows for the
introduction of mismatch dislocations and hence strain relaxation, at the very initial stages of
growth while the growth is still confined to the nanoscopic pattern. These islands can approach
complete strain relaxation prior to coalescence of the film. Strain relaxation in small islands can
reduce the threading dislocation density in the subsequent thicker overgrowth. We have initially
demonstrated this approach to defect reduction for the growth of GaSb on nanopatterned GaAs
substrates. Use of nano-patterned GaAs templates as the substrate led to substantial defect
reduction and significant improvements in the material properties of GaSb films grown on these
templates. The nanopatterned substrates were formed using block co-polymer lithography

P (BCL). This full-wafer spin-on technology
| allows for the formation over the entire

[ B Non-Patterned . .
1000 L ® Nano-Patterned wafer of a nanopattern with typical feature
| sizes of 20nm circular regions centered 40
& 800f nm apart as seen in Figure 1. In that initia
% ! study, a dramatic decrease in the threading
& 600f n dislocation density was shown. This work
= [ was extended to the use of BCL nanoscale
s 400 @ . . patterns for defect reduction in the growth
" ‘ . of InAs and InSb on GaAs templates. Both
200 the growth behavior and the surface
0' . . . . . . | morphology of InAs on the nanopatterned
200 400 600 soo | GaAs exhibits a significantly different
GaSb Thickness (nm) growth behavior than GaSb which is
) ) ) ) related to the nature of the surface transport
Figure 2: The drop in x-ray rocking curve line processes associated with In  surface
width isindicative of the reduced defect density | diffusion on the S0, BCL template
in the GaSb films grown on a GaAs surface. InAs and GaSb both exhibit a
nanopatterned substrate. reduction in threading dislocations as a

consequence of their growth on the nanopatterned GaAs.

The strain relaxation processes which led to the reduced defect density observed for the
BCL-patterned films has been attributed to the nature of strain relaxation in nanoscopic islandsin
comparison to planar films. Strain relaxation during island growth has been studied both
experimentally and theoretically. If strain relaxation can occur before film coal escence,
particularly at a size scale commensurate with dislocation climb distance and the typical extent
of the mismatch dislocation half loops in the heterophase interface, the island can become strain-
relaxed with few dislocation threading segments. Thisimplies that there is a pattern size scale
associated with a given lattice mismatch for which the island can become fully relaxed prior to
film coalescence. If the pattern size is much smaller than this characteristic distance associated



with dislocation nucleation and motion, the nano-patterned template will not lead to a subsequent
substantial reduction in the defect density. Only when the pattern dimension or theisland size is
larger than the critical wavelength for strain-induced surface rippling, which is the prelude to
island formation, will defect introduction be expected.

Thiswork was extended to the growth large lattice mismatched materials by molecul ar
beam epitaxy (MBE). Unlike the previous MBE approaches in selective area growth for defect
reduction, the small distances associated with the BCL pattern proved effective. The short
diffusion lengths present on the MBE growth surfaces requires a small pattern in order to achieve
aplanar surface. Asshown in Figure 3, the comparison between surfaces achieved for InAs on
GaAs, with and without the BCL-based pattern. Previoudly in this project, and consistent with
the literature, we observe a strong dependency of nucleation and surface diffusion on substrate
material and on intermediate buffer structure. Using nm-scale BCL -based substrates, enhanced
control of nucleation and strain relaxation was achieved. Figure 3 shows the surface roughness of
InAs grown on Si was improved by nearly afactor of 4 when a nanopatterned substrate was used
as agrowth substrate.

0 2 um 0 1um

Tgrowth=350°C on non- Tgrowth=350°C on non- Tgrowth=250°C on BCL -
patterned GaAs patterned Si patterned Si
RMS Roughness: 20 nm RMS Roughness: 20 nm RMS Roughness: 20 nm

Figure 3: InAs films grown on non-patterned GaAs and Si and BCL-patterned Si. All films are
50 nm thick.

This approach is a general approach to the problem of large lattice mismatched growth which
needs to be further devel oped beyond the MURI program. The approach is based on the
fundamental dynamics of dislocation which is common to all compound semiconductors. It isan
inexpensive, full-wafer, spin-on technology which could provide the most general method of
materials heteroepitaxial integration.

B. Patterned QD lasers: First demonstration of a patterned QD activeregion laser on InP
substrate.

While the preceding accomplishment describe the use of BCL-based patterning to reduce defect
densities in the case of the large lattice mismatch growth, this patterning can aso be used in
lattice matched growth. In this case improvements in the performance of quantum dot lasers can
be redlize through the elimination of the wetting layer present in strain layer quantum dot



growth. The diblock copolymer nanopatterning process, consisting of a series of pattern-transfers
from a dense array of nano-sized holes in a diblock copolymer thin film to a dielectric template
mask, allowed for the patterned access to the InP substrate for selective growth of the QDs. SiNy
(20 nm) / InP(100) substrates were employed using the diblock copolymer process and selective
MOCVD growth. High density (~6x10™ cm™) quantum dots (Figure 4a) were selectively grown
(at 610°C), consisting of InGaAsP Q1.15um (2nm)/ Ings3Gag47AS (2nm)/InGaAsP Q1.15um
(2nm) forming the active region of a laser structure (Figure 4b). The TEM image, shown in
Figure 3, indicate that the QDs are formed without a wetting layer. This is a significant
accomplishment, since such structures will provide full three dimensional carrier confinement, as
compared with SK self-assembled QDs.

Laser operation (Jn~1.1KA/cm? at 20K) is observed, Figure 5, from devices with 50
um—wide stripes and 3.6 mm-long cavities up to temperatures of 170K. Based on the shorter
emission wavelength (~1.3 um) observed here, compared with that of the LT PL spectral peak
(~1.4 um), it appears that lasing may occur on a higher energy (excited state) QD transition.
Further improvements in QD growth and pre-etching, are expected to lead to ground state
emission with lower current densities. However, this is an important accomplishment since these
data represent the first report of nano-patterned QD active region lasers on an InP substrate.

20 nm

. . t-:_ﬁ . iy e
Figure 4. @) Top view SEM image of InGaAsP(Q1.15)/Iny 53Gap 47ASINGaASP(Q1.15) QDs
after selective MOCVD growth, b) TEM cross-sectional image of the buried QD active region,

demonstrating QDs with no wetting layer present.
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Figure 4.a) First demonstration of laser oscillation (shown here at 20K) from a nanopatterned QD
active region device on an InP substrate, b) schematic diagram of the nano-patterned active laser
structure.




This accomplishment allows for awhole new class of quantum dot lasers and structures previous
unachievable. We have demonstrated that quantum dots structures can be grown without a
wetting layer, we have demonstrated and increased processing range of growth temperatures,
since the growth process now relies on selective area growth and not self-assembly, and finally
we have demonstrated the formation of lattice-matched quantum dot structures. Since self-
assembly is not required of the growing material, lattice matched structures can be grown which
should open the process design window and increase the reliability of these structures.

C. Metamorphic Buffer Layers(MBL) on InP substrate: Demonstrated a novel step-
graded InPSb MBL on InP

In paralel to the nanopatterning effort, we have developed new buffer layer structures based on
multinary materials. The effects of antimony incorporation and a convex compositional step-
gradient on the surface morphology, defect generation, and defect propagation properties of
InAs,P..y, Metamorphic Buffer Layers (MBLs) were investigated. The incorporation of Sb
reduces the root-mean-square (RMS) of the surface roughness, and complete elimination of the
arsenic from the MBL (i.e. InP,Sbyy) leads to a reduction of RMS values of the surface
roughness from 16 nm (InAs,P..y) to 3.4 nm (InP,Sb;.), without noticeably altering the defect
density in the upper layers of the MBL. InP..,Sby, layers grown on an InP,Sby.y, MBL have
reduced hillock formation and exhibit energy band gaps within 8% of that expected from theory.

We have successfully grown GalInNAsSb material with band gaps in the range 1.13 to 1.29V,
nominally lattice matched to the GaAs substrate. These materias are close to the ‘magic’ band
gap for multi-junction high-efficiency solar cells and are enabled by the formation of new
metamorphic buffer layers combined with potential lift-off and transfer technologies. Secondary
ion mass spectroscopy (SIMS) has been utilized on selected GalnNAs and GalnNAsSb samples
in order to determine the actual compositions of constituent elements. Nominaly lattice
matched, bulk films have compositions of Galng.o7)N.03AS (1€V) and Galn,o2)N(0.012)ASSb0.01)
(1.29eV), respectively. Preliminary annealing studies show asimilar blue shift in PL wavelength
with the GalnNAsSb material as seen with GalnNAs, on the order of 0.035eV. We investigated
Sh incorporation in MBLs on GaAs substrates for solar cell applications. Specificaly, we have
developed a novel MBL design employing a step-graded InGaPSb on a GaAs substrate. Initial
results indicate that this type of MBL exhibits low surface roughness (~4.7nm) compared with
the InGaAs MBLs (7.3nm).

These new buffer structures has reduced the thickness required for the formation of more
conventional, buffer-layer, approaches to materials integration and alows for the generation and
integration of materials with areduced layer thickness and decreased defect density.
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Figure 5a) Plot of the RMS values of the surface roughness for the base MBLs which were

investigated in this study. * The Te-doped (~1x10™ cm™) InAsP MBL reference sample

using the standard compositional gradient was provided by J. Cederberg at Sandia
National Labs (unpublished), b) Cross-sectional TEM image of the InPSb MBL.

D. Direct transfer of Laser onto Silicon

The ability to pattern on both sides of a materials structure prior to integration onto another
platform, such as Si, alows for the development of new functionality and performance.
Additionally, strained layer can be incorporated into these structures by the materials design
wherein the entire structure is strain-compensated. We have designed and implemented such a
novel structure. A 111-V thin film single quantum well edge emitting laser is patterned on both
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Figure 6: (@) SEM cross section of p-ridge/stripe laser with photomicrograph of laser bonded to
metal contact on Si ininset (b) L-1 characteristic for p-ridge/stripe laser with p-stripe of 10 um,
p-ridge of 15 um, n-stripe of 30 um, and laser cavity length of 1000 pum. Inset: Spectrum
indicating lasing at a wavelength of 994.95 nm and laser line width of 0.187 nm.

sides of the epitaxial layer and bonded to Si. Injected threshold current densities of 420 A/cm®
for gain guided lasers with bottom p-stripe and top n-stripe, and 244 A/cm? for index guided




bottom p-ridge and top n-stripe lasers are measured with a lasing wavelength around 994 nm.
These threshold current densities, among the lowest for thin film edge emitting lasers on Silicon
reported to date, enable the implementation of integrated applications such as power-efficient
portable chip-scale photonic sensing systems. This laser work holds, to the best of our
knowledge from the published literature, the record for lowest threshold current density for a
narrow line width thin film laser. It is the second lowest reported threshold current density for
al thin film lasers (and al thin film lasers bonded to Si). This accomplishment relies on the
additiona current and optical confinement afforded by the two-side processing and the greatly
improved thermal conductivity of the Si substrate. The removal of the GaAs (or InP) and the
functiona replacement by the Si should allow for greeter heat extraction, leading to improved
stability as performance. This accomplishment and approach opens the range of device design
and ameans to integrate lasers, and hence optical communication, with the chip environment.

E. New methodsfor total devicetransfer and integration: lon-cut Transfer of Devices

The transfer of finished device structures is a key technology for the development of integrated
systems. Presently, while layers can be transferred, the formation of a finished, or nearly
finished, device structure within it native technology with a subsequent transfer has been
difficult. During the MURI, the development of ion-based (ion-cut) processes, which alow
complete device structure to be transferred and integrated after device fabrication, have been
developed. This process utilizes two bond-and-release steps referred to as ‘double-flip’ to
allowing the finished device(s) to be removed from their native substrate and bonded onto awide
spectrum of substrate platforms, including sapphire, Si and plastic. Most recently, the double-flip
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Figure 7: Process flow for device onto flexible substrate. This process flow can be used with
other substrates and device materials




transfer of indium phosphide (InP) based transistors onto plastic flexible substrates was
demonstrated. Modulation doped field effect transistor layers, epitaxialy grown on InP bulk
substrates, were transferred onto sapphire using a masked ion-cutting process. Following layer
transfer, transistors were fabricated at low temperatures ( < 150 °C). The device structure was
then bonded to flexible substrate, and laser ablation was used to separate the initial bond. The
transferred transistors were characterized and exhibited high field-effect mobility (#average~2800
cm?V 's7h). lon-cut layer transfer of (110) InP was also investigated as an alternative to (100)
InP. The use of (110) InP alows for the cleavage plane to be paralel to the substrate surface
facilitating transfer. InP donors were patterned-masked alowing for selective hydrogen
implantation. The implanted wafers were bonded to acceptor substrates and transfer was
initiated. The surface of the transferred regions was observed to be flatter than those obtained on
(200) InP. Hall effect measurements showed the mobility in the masked regions to be unaffected
by transfer. The process is extendable to the transfer of finished device structures into integrated
systems.

This approach has allowed forth generation of new integrated structures wherein the devices are
formed within their native technologies and then integrated into a larger platform. The
performance advantage is achieved over the formation of post-transferred layers into devices
since optimal temperatures processing and techniques can be used. The ion-cut, patterned
approach permits a host of new substrates to be used.



